We report on an atomic-scale study of the Kondo lattice compound YbAl 3 using scanning tunneling microscopy (STM) and spectroscopy (STS). An analysis of the surface orientation and structure is performed based on STM images containing more than one crystal facet. We compare tunneling spectra acquired on different facets and discuss their relation with the temperature scales observed in measurements of bulk quantities and the states observed in photoemission spectra. On specific facets, we observe strong additional resonances close to the Fermi energy which are not consistent with the characteristic energy scales found in bulk measurements, and which we interpret in terms of a modified Kondo state of the near-surface Ytterbium atoms.
I. INTRODUCTION
Correlated electron materials exhibit pronounced anomalies in their macroscopic properties which are yet poorly understood. An important piece of the puzzle is a precise knowledge of the electronic structure in the vicinity of the Fermi energy. A measurement of the local density of states (LDOS) close to the Fermi energy provides a benchmark for theories 1, 2 and might offer insight into the origin of the anomalies in the macroscopic properties of these materials. An obstacle to studying their electronic structure with angular resolved photoemission (ARPES) or scanning tunneling spectroscopy (STS) is the often unclear relation between surface and bulk properties. At the same time, the broken translational symmetry and the reduced dimensionality as found at the surface can lead to interesting new phenomena. [3] [4] [5] While for Ce and U compounds the surface influence appears to be negligible, [6] [7] [8] this is different for Yb compounds as indicated by studies with x-ray photoemission spectroscopy and ARPES. 5, 9, 10 In photoemission studies, the valence of ytterbium in the near surface region is found to deviate from the valence of ytterbium in the bulk. However, previous studies of the surface of YbAl 3 have been performed with techniques averaging over extended surface areas, 9, 10 therefore being unable to disentangle the influence of the surface orientation and defects. Only recently, scanning tunneling microscopy and spectroscopy has been applied to another ytterbium compound YbRh 2 Si 2 , revealing a set of resonances close to the Fermi energy consistent with excitations observed in neutron scattering. 11 We have studied an ytterbium-based Kondo lattice compound YbAl 3 by scanning tunneling microscopy (STM) and STS to address this issue. YbAl 3 is well characterized by bulk methods, thus allowing us to relate features in the tunneling spectra to bulk properties. Magnetization measurements of YbAl 3 reveal a clear deviation from a Curie law behavior. 12 The temperature dependence of the magnetic susceptibility exhibits two maxima, one at ∼130 K and one at ∼20 K. The maximum at ∼130 K has been rationalized by a screening of the spins of the ytterbium atoms by the conduction electrons, hence by the Kondo effect. The low temperature maximum has been attributed to a crossover to a coherent Kondo lattice state below 40 K. [13] [14] [15] The reported characteristic Kondo temperature of the system varies between 225 and 670 K depending on the method by which it is obtained. 13, 16, 17 Several photoemission studies 18, 19 have been performed on YbAl 3 with the aim of detecting the Kondo resonance, the spectral signature of the Kondo effect. Photoemission spectra of YbAl 3 expose a distinct peak within 300 meV below the Fermi energy. [17] [18] [19] [20] One of the difficulties in comparing the various photoemission measurements is that spectra are obtained from crystals of strongly differing quality, ranging from in situ grown polycrystalline samples, 18 in situ fractured polycrystalline samples, 19 and flux-grown single crystals cleaved in ultrahigh vacuum (UHV) 20 to in situ scraped polycrystalline samples. 17 Besides an unknown quality of the surface, photoemission likely averages over multiple facets or even several crystallites. In order to relate measurements of surface sensitive probes like STM or photoemission to bulk properties, a careful assessment of the influence of the surface is required. Photoelectron spectroscopy of both ytterbium aluminum bulk alloys and ytterbium deposited on an aluminum single crystal surface has shown that ytterbium ions become divalent at the surface, while their mixed valence character as found in the bulk recovers within ≈5Å of the surface. 
II. EXPERIMENTAL METHODS
The YbAl 3 samples used for our experiments have been grown using the Czochralski pulling method. STM and SQUID measurements have been performed on slices of ∼2 mm thickness and a diameter of ∼5 mm cut from the crystals. The samples were polycrystalline, and scanning electron microscopy shows that the size of the grains is about 500 μm in diameter with regions of up to 20 μm of undefined composition in between. Thus individual grains are significantly larger than the length scales on the order of 10 to 100 nm probed by STM. STM measurements have been performed on two samples, which have been oriented by x-ray diffraction such that crystallites are oriented predominantly in the (110) direction. Since the samples are polycrystalline, the grains have random orientations and the (110) direction will at best dominate. The surfaces of both samples have been polished. After transfer to UHV, the surface has been treated by sputtering and annealing cycles to remove surface contaminations. During the first cycles, the sample was heated to 700 K; in later sputtering cycles we annealed only to 600-650 K. STM measurements have been performed in a home-built low temperature UHV-STM which operates at temperatures down to 6.7 K. In this paper, measurements performed at 6.7 and 77 K are shown. Tunneling spectra have been acquired with an open feedback loop recording the dI/dV signal from a lock-in amplifier; bias voltages are applied to the sample with the tip at virtual ground.
III. RESULTS

A. Bulk characterization
After preparation of the samples, we have characterized the bulk properties by SQUID measurements (Fig. 1) . The temperature dependence of the magnetic susceptibility is consistent with earlier work. 21, 22 From the zero temperature limit of the magnetic susceptibility as extracted from the SQUID measurements, the Kondo temperature can be extracted if the number of holes in the f orbital n f = v − 2 of the magnetic ions is known (where v is the valence of the ions). 19, 23 We obtain for the Kondo temperature with χ (0) = 6.2 · 10
The valence v has been determined previously from photoemission spectra yielding values between 2.6 17,24 and 2.8 19 and from x-ray absorption giving 2.75-2.77 at 4 K.
13,17
Here we use v = 2.7 ± 0.1 resulting in a Kondo temperature 
B. Topographic Images
In STM, we find the surface typically as shown in Fig. 2(a) : sometimes exposing facets with different crystallographic orientations within one topographic image, occasionally also large areas exposing only a single facet. The facets exposed within an area on the order of (25 nm) 2 can be assumed to belong to a single crystallite. Thus by investigating the surface structure of different facets as seen in Fig. 2(a) , we can ensure that the crystal structure of the crystallite is at least in the surface region (apart from possible reconstruction) consistent with that of YbAl 3 . We have determined the Miller indices of the facets in two ways: The first route we used is to determine the periodicity of the exposed facet by measuring lateral interatomic distances in the topographic image [see, e.g., Figs. 2(b) and 2(c)]. The inset of Fig. 2(b) shows a closeup of a (110) facet and that of Fig. 2 (c) of a (210) facet revealing the atomic scale structure. Both facets show a reconstruction of the surface layer. Due to the much larger ionic radius of ytterbium compared to aluminum, we speculate that ytterbium atoms are imaged as higher protrusions. With this assumption, in the case of the (210) facet every 3rd or 4th ytterbium atom along the close-packed rows is missing. The (110) facet is more strongly reconstructed with every second row of atoms missing.
The extracted length scales can be compared to the ideal surface structure neglecting relaxation and reconstruction. This works well for low index facets, however it becomes more ambiguous the larger the Miller indices are, because facets with different indices can have comparable periodicities. As an additional test for the assignment of the Miller indices, step edges can be used if they are observed. We found step edges for the two low index facets (110) and (210) 
)], so that the step height and the structure of adjacent terraces can be compared to the surface structure extracted from the crystal structure. Representative STM topographies and ball models for the other facets which we have observed are shown in Fig. 3 .
The second method uses the relative orientation of the facets in STM topographies where more than one facet is found in a single STM topography, as can be seen in Fig. 2(a) . From the images, the surface normal for each facet is determined Table I for a direct comparison). There is a systematic deviation between expected and measured angles which increases with increasing angle, which is likely due to uncertainty in the piezocalibration and drift. and the angles are calculated. If the main crystallographic directions with respect to the orientation of the topographic image are known, the Miller indices of neighboring facets can be determined (the methods are not completely independent, as for the second one at least one facet has to be determined from the surface atomic structure). Figure 4(a) shows the resulting map of angles with respect to a specific facet, here a (522) facet. This procedure could be applied to all facets except the (110) facet, which we did not observe in the same field of view as the other facets. The measured angles between different facets are shown in comparison to the angles calculated from the Miller indices in Table I [see also the histogram in Fig. 4(b) ]. The crystallographic structure of the most important other alloy formed by ytterbium and aluminum, 25 YbAl 2 , differs from that of YbAl 3 12 and can be expected to expose significantly different surface structures. Figure 5 (a) shows a tunneling spectrum acquired on a (110) facet. Besides a peak close to the Fermi energy (marked as K), two satellite peaks at +1.2 eV and −1.2 eV (marked as SO1 and SO2) are found. A similar satellite attributed to spin-orbit splitting is observed in the occupied states by photoemission at −1.2 eV. 19 In addition, a broad maximum (labeled S) around −0.5 eV is seen whose intensity varies strongly depending on the position on the (110) facet where the spectrum is taken; it likely originates from the reconstructed surface layer of the (110) facet. In Fig. 5(b) , tunneling spectra are shown for the facets investigated. In each case, at least one peak can be found in the range between −100 mV and the Fermi energy, in many cases a double peak structure [with the exception of the (110) facet]. Spectra acquired in a narrower energy range close to the Fermi energy are shown in Fig. 6(a) . The intensities of the peaks depend on the exact position within the facet where the spectra are acquired. This is shown exemplarily in Fig. 6(b) for the (210) facet; both the relative and absolute intensities of the two peaks change considerably depending on whether spectra are taken at a position on the surface imaged higher compared to one which is imaged lower.
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C. Tunneling Spectroscopy
Peak positions and widths have been extracted by fitting Fano line shapes to the peaks, which is an established procedure to evaluate the Kondo effect of adatoms studied by STS. 27, 28 Recently, it has been shown that the tunneling spectra of a Kondo lattice in the vicinity of the Fermi energy can also be described by a Fano resonance. 1, 2, 6 We have determined the peak positions and widths as listed in Table II by fitting Fano functions of the form
TABLE II. Peak positions n and widths n determined from STS spectra. The index 1 refers to the peak closer to the Fermi energy (except for (611), where an additional peak is found right at the Fermi energy). The overall average has been taken over the 6.7 K measurements. (210) facet; shown are a spectrum acquired at 6.7 K and at 77 K. In addition, shown as a solid red line, the 6.7 K spectrum is broadened as if it would have been taken at 77 K by accounting for the broadening of the Fermi distribution. The comparison shows that the changes in spectra cannot be explained due to only the temperature broadening.
and ω = eV , and n is the number of resonances observed in the energy range which is considered. Each resonance is described by four parameters: a i is related to the amplitude of the resonance, q i to the line shape (ranging from q i = 0 describing a dip via an asymmetric line shape for q i = 1 to a peak for q i → ∞), Ki to its position, and i to its half width. Thus, in cases where the spectra show two resonances, nine parameters were fitted, the eight related to the two resonances plus another one to account for a constant background. We note that in many spectra, the resonances appear to have a fine structure which, however, is not clearly and reproducibly resolved in our spectra. The resulting parameters for both peaks are summarized in Table II . While a systematic study of the temperature dependence of the spectra is beyond the scope of this paper, Fig. 6(c) shows spectra acquired at 6.7 K and at 77 K on a (210) facet. Whereas the peak at −100 mV preserves its intensity and shape, we find a significant decrease in the peak height of the peak at −30 mV. This behavior can clearly not be understood just by thermal broadening. To stress this point, a simulated spectrum is shown in Fig. 6 (c) which is obtained by broadening the spectrum acquired at 6.7 K by the thermal smearing expected at 77 K.
IV. DISCUSSION
From the atomic scale analysis of topographic images of our YbAl 3 crystals, we see a reconstruction of the surface. Accordingly, through the investigation of the surface dependence of our tunneling spectra, we identify two energy scales. We observe a peak between −70 mV and the Fermi energy on all facets except (110) [marked as regime I in Fig. 6(a) ]. By comparison with the expected energy of the bulk Kondo resonance and from the comparatively small sensitivity of this resonance on the position on the facet or its orientation, we attribute it to bulk properties of the crystal. The remaining dependence on the orientation of the facet could be due to preferential tunneling to states with small k || , an anisotropic band structure or a non-negligible influence of the surface in an extended surface region.
We attribute the strong additional resonance found on (110) and (210) facets at lower energies to the influence of the surface. YbAl 3 is known from photoemission measurements to become divalent at the surface, with the divalent layer having a thickness of ∼5Å.
9,10 Thus a bulk feature has to be probed through this surface layer. A divalence of ytterbium at the surface is also consistent with the reconstruction of the surface layer which we find on low index facets. Divalent ytterbium in bulk compounds has an ionic radius which is more than 15% larger than that of trivalent ytterbium. 29 Thus on facets which expose close-packed rows of ytterbium, a reconstruction of these rows can be expected. Of the facets we have investigated, this is the case for (110) and (210). For completely divalent ytterbium, no Kondo resonance is expected. Similarly, no surface states have been reported at the surface of ytterbium compounds in the vicinity of the Fermi energy. 9, 10, 19 Crystal field splitting, which if sufficiently large can lead to a split Kondo resonance, could lead to multiple resonances close to the Fermi energy. If there is significant crystal field splitting in YbAl 3 , it is expected to be below 10 mV, 30 significantly lower than what would be required to explain the second peak. The resonance could be explained by ytterbium close to the surface not being rendered completely divalent, but somewhere between di-and trivalent with a valence lower than the bulk value. With reduced valence, the Kondo resonance moves away from the Fermi energy until eventually the f shell is completely filled and there is no Kondo resonance anymore. We note that on (522) and (611) facets, we do also see some weak additional structure in the range from −50 to −200 mV, which however is much weaker and less well defined than the ones we observe on the (210) and (110) facets.
In order to connect our results to macroscopic bulk data of YbAl 3 , we have determined an average position of the bulk-related peak by taking into account all facets investigated with equal weight. This procedure can be expected to give only a rough estimate for the Kondo scale because the selection of facets is random. The resulting position and width of the resonance are summarized in Table II . We obtain an average energy position of −25.7 ± 5.0 mV (corresponding to a Kondo temperature of 298 ± 58 K, cf. Refs. 19 and 31) . This is roughly consistent with the Kondo temperature estimated from the magnetic susceptibility measurements. Position and width of the Kondo resonance extracted from the zero-temperature limit of the magnetization and the linear coefficient of the specific heat at low temperature yields a position of −42.7 mV and a width of 17.7 mV. 31 Our results for the bulk-related resonance are in reasonable agreement with photoemission data 17, 19, 32 taking into account that photoemission averages over all exposed crystallographic facets. In photoemission, a peak around 35 meV below the Fermi energy (at 10 K) with a full width of 50 meV has been identified as a signature of the Kondo effect. 17 The variation of the electronic structure we find for the various facets of YbAl 3 might explain the differences in photoemission spectra of YbAl 3 as measured by various groups [17] [18] [19] and also compared to our measurements.
SQUID measurements show an additional low temperature scale associated with the maximum in the magnetization at 14 K. This maximum in the magnetization has been connected to the formation of a pseudogap 33 observed in optical conductivity measurements. 34 We observe an additional low energy peak right at the Fermi energy with a width of 7.8 ± 0.4 mV [see Fig. 6 (a) spectra for (611) facets] on some of the facets, which possibly corresponds to the formation of this pseudogap and the low energy scale in YbAl 3 .
V. CONCLUSIONS
We have studied the surface of a rare earth compound by STM. Topographic imaging of multiple facets allowed us to identify the different facets of YbAl 3 and investigate the surface dependence of tunneling spectra. Thereby we could analyze the tunneling spectra in terms of features whose energy is consistent with bulk properties and others which are likely surface related, due to a change in the valence of near-surface ytterbium. Exploiting the valence change of ytterbium ions in the surface region might allow us to investigate electron correlations in 2D systems, where they can be expected to be more important than in 3D systems. The preparation of such a 2D Kondo lattice has been demonstrated recently for thin films prepared by molecular beam epitaxy. 3 Electronic correlations have been found to be substantially enhanced by the reduced dimensionality.
